The transcriptional co-factor Friend of GATA1 (FOG-1) has been shown to interact with subunits of the nucleosome remodelling and histone deacetylase (NuRD) complex through a specific motif located at its N-terminus. To test the importance of FOG-1/NuRD interaction for haematopoiesis in vivo, we generated mice with a mutation that specifically disrupts FOG-1/NuRD interaction (FOG-1
Introduction
Chromatin remodelling is increasingly being recognized as an important event during the differentiation of haematopoietic stem cells (HSCs) into the various cell lineages of the haematopoietic system. It has been postulated that a dynamic chromatin structure is necessary for HSCs to maintain their pluripotency (Ng et al, 2007) . This dynamic chromatin structure allows genes that will be necessary for the differentiation of the HSC to be maintained in a 'primed' or 'poised' state, in which gene expression is low or absent, but can be rapidly activated on differentiation (Laslo et al, 2006) . A number of different protein complexes have been described to remodel the chromatin structure to allow for the activation or repression of gene expression (Neely and Workman, 2002) . One such complex, the Nucleosome Remodelling and histone Deacetylase (NuRD) complex, is highly expressed in the HSC (Yoshida et al, 2008) . The NuRD complex is a large, multi-subunit complex that possesses both chromatin remodelling ATPase activity and histone deacetylase activity in the same complex, and it is generally believed to mediate transcriptional repression (Denslow and Wade, 2007; Molli et al, 2008) . Targeted disruption of Mi2b, the ATPase subunit of the NuRD complex, in the HSC resulted in an overproduction of proerythroblasts, but severe anaemia because of a failure of these proerythroblasts to properly mature (Yoshida et al, 2008) . Gene expression profiling revealed that most of the genes dependent on Mi2b for repression in the HSC were expressed in the differentiated lineages derived from HSC, suggesting that the NuRD complex is necessary for maintaining the repressed state of these 'primed' target genes. However, these results must be interpreted with care, given that the NuRD complex is known to interact with many transcriptional regulators during development.
The NuRD complex has been shown to associate with several transcription factors known to be important for haematopoiesis (Cismasiu et al, 2005; Sridharan and Smale, 2007) . One such factor is Friend of GATA1 (FOG-1, also known as Zfpm1), a multi-zinc-finger protein critical for development of erythrocytes and megakaryocytes (Tsang et al, 1997 (Tsang et al, , 1998 Hong et al, 2005) . Although FOG-1 does not bind DNA directly, it physically interacts with members of the GATA family of DNA-binding transcriptional activators (Tsang et al, 1997) , factors known to be important in haematopoiesis. Germline deletion of GATA1 in mice leads to embryonic lethality caused by an arrest of erythroid development at the proerythroblast stage, providing direct evidence that GATA1 is essential for erythropoiesis (Weiss et al, 1994; Pevny et al, 1991 Pevny et al, , 1995 Fujiwara et al, 1996) . Further, megakaryocyte-specific ablation of GATA1 results in defective megakaryocyte maturation (Shivdasani et al, 1997) . Similarly, GATA2 is also required for haematopoiesis. GATA2-deficient embryos die of anaemia, and show defects in the self-renewal and proliferation of HSC (Tsai and Orkin, 1997; Ling et al, 2004) . GATA2 has an important function in proliferation of haematopoietic progenitors, including erythroid precursors (Ling et al, 2004) . On differentiation of these cells into mature erythrocytes, expression of GATA1 is up-regulated, whereas that of GATA2 is repressed. The down-regulation of GATA2 transcription is mediated by the displacement of GATA2 from its upstream enhancer by increasing levels of GATA1 (Grass et al, 2003) . This 'GATA switch', which requires GATA-FOG interaction, also mediates changes in expression of the a-globin and c-Kit genes during erythropoiesis (Anguita et al, 2004; Jing et al, 2008) .
FOG-1 is also required for haematopoiesis, as FOG-1-deficient mice display erythropoietic defects that largely mimic those of GATA1-null mice, suggesting that GATA1 functions in concert with FOG-1 during the red cell development (Tsang et al, 1998) . Moreover, both mice and human beings with mutations in GATA1 that block binding to FOG-1 also display defects in erythropoiesis, confirming the importance of the GATA-1/FOG-1 interaction (Crispino et al, 1999; Nichols et al, 2000) . As shown by transient transfection assays, FOG-1 can activate or repress GATA1-mediated gene transcription in a promoter and cell context-dependent manner (Tsang et al, 1997; Fox et al, 1999; Lu et al, 1999; Svensson et al, 2000; Robert et al, 2002) . To modulate GATA-mediated transcription, FOG proteins are believed to recruit other transcriptional co-factors to the GATA/FOG complex. These co-factors include C-terminal binding protein (CtBP) and the NuRD chromatin remodelling complex. CtBP-1 and -2 interact specifically with FOG-1 through a motif located in the C-terminal half of FOG-1 (Fox et al, 1999) . However, although transient transfection assays suggested that the FOG-1/CtBP interaction is important for mediating transcriptional repression, mice harbouring a mutant FOG-1 with a disrupted CtBP-binding motif showed normal haematopoietic development, indicating that the FOG-1/CtBP interaction is not required in vivo for FOG-1 function . Recently, FOG-1 has also been shown to interact with the NuRD chromatin remodelling complex through a specific, 12 amino-acid motif located in the N-terminus of FOG-1 (Hong et al, 2005; Rodriguez et al, 2005; Roche et al, 2008) . Although transient transfection assays suggest that the FOG-1/NuRD interaction is required for repression of specific GATA1-dependent target genes, the extent to which the FOG/NuRD interaction is required for haematopoiesis in vivo is unclear.
In this report, we describe the generation of mice with a mutation in the FOG-1 gene that abolishes FOG-1's ability to interact with the NuRD complex. These mice display defects in both erythropoiesis and megakaryopoiesis. Furthermore, gene expression analysis revealed that FOG-1/NuRD interaction is required for the 'GATA Switch' during terminal differentiation of megakaryocyte and erythroid precursors. In addition, the FOG-1/NuRD interaction is required to repress mis-expression of mast cell-specific genes in erythroid and megakaryocyte lineages. Taken together, these results suggest that the FOG-1/NuRD interaction is necessary for re-enforcement of lineage commitment during erythroid and megakaryocyte development.
Results

Generation of FOG-1
R3K5A/R3K5A mice FOG proteins physically interact with subunits of the NuRD chromatin remodelling complex through a conserved, 12-amino-acid motif, termed the FOG repression motif, located at the N-terminus of both FOG-1 and FOG-2 (Lin et al, 2004; Hong et al, 2005; Roche et al, 2008) . This motif interacts with the MTA as well as RbAP subunits of the NuRD complex. Single amino-acid mutations within this motif greatly attenuate all of these interactions and, most importantly, the ability of FOG-1 to repress GATA-mediated gene transcription (Hong et al, 2005; Roche et al, 2008) . As a first step to probe the importance of FOG-1/NuRD interaction in vivo, we generated an FOG-1 cDNA encoding two point mutations in the FOG repression motif (asparagine 3 to alanine and lysine 5 to alanine, hereafter referred to as FOG-1 R3K5A ) to disrupt the interaction between FOG-1 and subunits of the NuRD complex ( Figure 1A) . To test the effectiveness in disruption of the FOG-1/NuRD interaction, we used an in vitro binding assay with purified glutathione-S-transferase (GST)-FOG-1 fusion protein and in vitro translated, 35 Slabelled MTA1. As we have earlier shown, MTA1 and the N-terminal 12 amino acids of FOG-1 strongly interact in an MTA1 concentration-dependent manner. However, mutation of R3 and K5 to alanine abolished the ability of FOG-1 to bind MTA1 at all concentrations of MTA1 tested ( Figure 1B) . To determine the effect of this double mutation on the ability of FOG-1 to repress GATA-1-mediated transcription, we transiently transfected NIH 3T3 fibroblasts with expression vectors for GATA1, wild-type or mutant FOG-1 (see Supplementary Figure 1) , and a reporter construct containing À69/ þ 4 bp region of the mast cell-specific FceR1b promoter driving expression of human growth hormone. This promoter is strongly activated by GATA1 and repressed by co-expression of FOG-1 (Maeda et al, 2006) . As shown in Figure 1C , GATA1 transactivated the FceR1b promoter B150-fold, whereas the addition of wild-type FOG-1 resulted in a 10-fold repression of GATA1-mediated transactivation. In contrast, expression of FOG-1 R3K5A failed to significantly inhibit GATA-1 transactivation of this promoter, showing the importance of FOG-1/NuRD interactions for transcriptional repression.
To test our hypothesis that the interaction between FOG-1 and the NuRD complex is important in vivo, we used homologous recombination in murine embryonic stem (ES) cells to generate an ES cell line carrying an R3K5A double mutation in exon 1 of the FOG-1 gene (Figure 2A ). Correctly targeted ES cell clones were injected into murine blastocysts to generate chimeric mice, and offspring from these mice were screened for germline transmission of the mutant allele. Two independent ES cell clones achieved germline transmission to establish two independent mouse lines. These mice were then crossed with Prm-Cre transgenic mice to remove the floxed neomycin cassette from intron 1 of the FOG-1 gene in each mouse line. Southern analysis using probes to the 5 0 and 3 0 end of the targeted region confirmed that the FOG-1 locus was intact and the neomycin cassette excised ( Figure 2B and data not shown). Further, genomic sequencing of exon 1 confirmed the presence of the R3K5A mutations within the genome of each line. As a final check on the integrity of the targeted FOG-1 locus, we performed western analysis on whole bone marrow cell lysates using an anti-FOG-1 antibody ( Figure 2C ). The expression level of FOG-1 in the homozygous mutant mice was comparable with that of their wildtype littermates, strongly suggesting that the insertion of the R3K5A double mutation did not alter the regulation of FOG-1 gene expression.
Abnormal erythropoiesis in FOG-1 R3K5A/R3K5A mice
Earlier work has shown that FOG-1-null mice have defects in both erythropoiesis and megakaryopoiesis, and homozygous mutant embryos die by embryonic day (E) 12.5 (Tsang et al, 1998) . On the basis of our model that the FOG-1/NuRD interaction is essential for FOG-1's function in haematopoiesis, we hypothesized that the FOG-1 R3K5A/R3K5A mice may have defects in haematopoiesis similar to those of the FOG-1-null embryos. We genotyped the offspring of heterozygous crosses and found that homozygous mutant mice were underrepresented at weaning, suggesting a partial embryonic lethality (Table I) . To determine the timing of this lethality, viable embryos from timed mating of heterozygous mice were genotyped between E10.5 and E12.5. The majority of homozygous mutant embryos were indistinguishable from their wild-type littermates. However, a few mutant embryos showed a pale yolk sac with intact blood vessels, reminiscent of the FOG-1-null embryonic phenotype, suggesting that the lethality was due to defective erythropoiesis ( Figure 2D ). Given the low numbers of affected embryos, the remainder of this report is focused on the characterization of the phenotype of the adult mutant mice.
To examine erythropoiesis in adult FOG-1 R3K5A/R3K5A mice, we first analysed complete blood counts of peripheral blood collected from wild-type and homozygous mutant mice at 6-8 weeks of age (Table II) . Although red cell numbers, haemoglobin concentrations and haematocrits were not significantly different between wild-type and mutant mice, red cell width distribution, an index of the variation of red cell volume within the red cell population, was increased. Gross dissection of mutant mice revealed striking splenomegaly, with spleen weight to body weight ratios increased in mutant mice by 200% ( Figure 3A and B) . Histologic sections of mutant spleens showed that there was a prominent expansion of the red pulp in the FOG-1 R3K5A/R3K5A mice, with a preponderance of erythrocytes within the red pulp ( Figure 3C ). To quantify the expansion of erythroid progenitors in the FOG-1 R3K5A/R3K5A mice, we performed in vitro erythroid colony-forming assays from bone marrow and spleen ( Figure 3D ). Although there was no statistically significant difference in the number of erythroid colony-forming units (CFU-E) in the bone marrow (46 ± 12 versus 27 ± 6, respectively, P ¼ 0.23), the number of CFU-E's was increased 420-fold in spleens of FOG-1 R3K5A/R3K5A mice (2.1±1.8 versus 43 ± 14, P ¼ 0.028). This observation is consistent with the histology of the spleen and argues that there is substantial extramedullary haematopoiesis in the FOG-1 R3K5A/R3K5A mice. As erythroid progenitors mature, they increase expression of the transferrin receptor and down-regulate the cell surface marker CD71 (Socolovsky et al, 2001) . To evaluate the effect of the FOG-1 mutation on the maturation of erythroid cells, we performed flow cytometry to measure the expression of CD71 and Ter119 in cells of the bone marrow and spleen of wild-type and FOG-1 mutant animals ( Figure 3E ; Supplementary Table 1 ). In the bone marrow of FOG-1 R3K5A/R3K5A mice, we observed a 1.8-fold decrease in the proportion of Ter119 hi CD71 lo cells, which represent the most mature orthochromatic population (19.4±2.3% versus 10.7±1.8%, P ¼ 0.027). In the spleen, we saw a dramatic four-fold increase in the proportion of Ter119 hi CD71 hi basophilic erythroid progenitors (5.3 ± 1.7% versus 20.6 ± 4.5%, P ¼ 0.02). Taken together, these observations suggest that FOG-1 mutant bone marrow erythroid progenitors are failing to give rise to sufficient numbers of mature erythroid cells, either because of a block in terminal differentiation or to decreased survival of maturing erythroblasts. Surprisingly, erythropoiesis in the spleen seems to proceed through the with its nine zinc-finger domains indicated by loops. The sequence of the first 12 amino acids of FOG-1 is indicated, with the sequence of the R3K5A mutation shown below. In (B), quantitation of in vitro binding assays using purified GST (circles), GST-FOG-1 (triangles) or GST-FOG-1 R3K5A (diamonds) fusion proteins with increasing amounts in vitro translated MTA1. In (C), NIH 3T3 fibroblasts were transfected with a reporter construct containing the mast cell-specific FceR1b promoter driving expression of human growth hormone. Fibroblasts were also transfected with expression vectors encoding GATA1, FOG-1 and FOG-1 R3K5A as indicated. Forty-eight hours after transfection, cell media was assayed for human growth hormone expression as described in Materials and methods. The results are reported as the mean ± s.e.m. (n ¼ 6). A * indicates statistical significance (P ¼ 0.006).
orthochromatic stages, as evidenced by the high percentage of Ter119 hi CD71 lo cells. These results show that the FOG-1/ NuRD interaction is required for normal erythropoiesis, but that the animals compensate for the defect by increasing splenic production of erythrocytes.
Enhanced granulopoiesis in FOG-1 R3K5A/R3K5A mice
In addition to the defects in erythropoiesis, we also observed alterations in granulocyte development in FOG-1
mice. First, peripheral neutrophil counts were elevated 3.1-fold in mutant mice (Table II) . Consistent with this observation, histologic examination of mutant bone marrow showed increased numbers of granulocytes ( Figure 4A , insert). Flow cytometry on whole bone marrow cells using Embryos from intercrosses of FOG-1 +/R3K5A mice were genotyped by PCR. The ratio of wild-type, heterozygous and homozygous offspring indicates a partial lethality in FOG-1 R3K5A/R3K5A mice as early as E10.5. R3K5A/R3K5A (right panels) embryos at E10.5 with their yolk sac intact (top panels), or dissected free (bottom panels). Note the pale yolk sack and pericardial oedema (arrow) of the FOG-1 R3K5A/R3K5A embryo. the granulocyte markers Mac-1 and Gr-1 also showed an increase in the fraction of double positive cells in FOG-1 R3K5A/R3K5A mice when compared with wild-type littermates (63 ± 8% versus 54 ± 6%, P ¼ 0.044; Figure 4B ). To determine whether the increase in granulocytes was due to an increase in the number of granulocyte progenitors, we performed in vitro myeloid colony-formation assays in the presence of IL-3, G-CSF and GM-CSF ( Figure 4C ). In both bone marrow and spleen, there was no statistically significant difference observed in the number of GM colonies formed between cells from wild-type and FOG-1 R3K5A/R3K5A mice. However, the number of myeloid colonies observed in IL-3 alone was significantly higher in both the bone marrow (336 ± 8 versus 445 ± 32, P ¼ 0.03) and in particular the spleen (15.3 ± 1.8 versus 318 ± 48, P ¼ 0.003; Figure 4D ). This result shows that IL-3 responsive progenitors are expanded in both the bone marrow and the spleen of the mutant animals.
FOG-1/NuRD interaction is required for megakaryopoiesis
Given the requirement for FOG-1 in formation of megakaryocytes, we next sought to characterize megakaryopoiesis in FOG-1 R3K5A/R3K5A mice. As shown in Table II , peripheral platelet counts were significantly reduced in mutant mice (578±32 versus 334±45, P ¼ 0.001) and mean platelet volume was strikingly increased (3.70 ± 0.14 versus 6.03 ± 0.19 fL, Po0.001). Peripheral blood smears confirmed these findings ( Figure 5A ). Also consistent with these observations, histologic examination of the bone marrow revealed a paucity of megakaryocytes in mutant mice ( Figure 4A ). To quantitate these observations, we determined the fraction of CD41-positive cells in bone marrow and spleen of wild-type or FOG-1 R3K5A/R3K5A mice by flow cytometry ( Figure 5B ). We observed a significant decrease in the fraction of CD41-positive cells in the bone marrow of mutant mice (2.0 ± 0.6% versus 6.1 ± 0.7%, P ¼ 0.004; Supplementary Table 2) . Furthermore, FOG-1 R3K5A/R3K5A megakaryocytes show a reduced polyploidization (34.5% versus 17.5%; Figure 5C ), indicating abnormal megakaryocytic maturation. To determine whether the number of megakaryocyte progenitors was also abnormal in FOG-1 R3K5A/R3K5A mice, we performed in vitro colony-forming assays using cells from bone marrow or spleen. As shown in Figure 5D , we observed similar numbers of megakaryocyte colonies (CFU-MK) in wild-type and FOG-1 R3K5A/R3K5A bone marrow. In contrast, we observed a 5.4-fold increase in the number of CFU-MKs present in the mutant spleen (6.5 ± 1.8 versus 35 ± 7, P ¼ 0.007), consistent with the increased erythroid and IL-3-dependent colonies also detected in this site of extramedullary haematopoiesis. However, although the number of colonies present in the FOG-1 R3K5A/R3K5A mice was similar to or greater than those of wild-type mice, the colonies derived from mutant bone marrow cells were much smaller and contained significantly fewer acetylcholinesterase (Ach)-positive cells when compared with those derived from wildtype bone marrow (10.4±1.0 versus 30.7±2.7, Po0.0001; Figure 5E and F). Taken together, these observations show that the FOG-1/NuRD interaction is required for proliferation and maturation of megakaryocytes in vivo. To gain further insight into the mechanisms underlining the observed platelet defects, we compared gene expression in wild-type and FOG-1 R3K5A/R3K5A megakaryocytes. Lindepleted bone marrow cells were cultured in vitro and total RNA was prepared from BSA-gradient purified megakaryocytes. Microarray analysis revealed the down-regulation of a number of megakaryocyte-specific genes and the up-regulation of several mast cell-specific genes (data not shown). Quantitative RT-PCR was used to confirm a selection of mis-regulated genes identified on microarray analysis ( Figure 6A ). The megakaryocyte-specific genes glycoprotein IIb (GPIIb) and platelet factor 4 (PF4) were down-regulated 2.3-and 3.1-fold in FOG-1 R3K5A/R3K5A megakaryocytes, respectively, consistent with the megakaryocytic defects observed in the mutant mice. The expressions of c-Myc, PU.1 and Runx1 were unchanged. Interestingly, the mast cell-specific genes Cpa3, Mcpt4, FceR1a and FceR1b were up-regulated 3.5-to 9.5-fold. Further, the eosinophilic transcriptional regulator CEBP-b was elevated 2.4-fold. Similar, but less dramatic, gene expression changes were seen examining gene expression in CD71
hi Ter119 hi erythroid cells isolated from FOG-1 R3K5A/R3K5A mice ( Figure 6B ). Together, these results show that FOG-1 R3K5A/R3K5A megakaryocytes and erythrocytes failed to fully commit to their respective lineages because of an inability to fully repress gene expression of related lineages.
As the GATA family members GATA1 and GATA2 are known to be critical in these lineage decisions, we also examined the expression level of each of these factors. GATA2 is highly expressed in the common myeloid progenitor and in more restricted progenitors, such as proerythroblasts, but then is down-regulated on terminal differentiation of these cells into megakaryocytes and mature erythroid cells. This down-regulation of GATA2 is known as the 'GATA switch' (Grass et al, 2003; Jing et al, 2008) . In BSA-gradient purified FOG-1 R3K5A/R3K5A megakaryocytes, this GATA switch did not occur, as GATA2 levels were up-regulated six-fold, whereas GATA1 levels were decreased two-fold. Similarly, GATA2 was up-regulated 1.8-fold and GATA1 decreased 50-fold in purified FOG-1 mutant CD71 hi Ter119 hi erythroblasts ( Figure 6B ). These results suggest that in the absence FOG-1/ NuRD interaction, the GATA switch fails to function efficiently, leading to the failure to fully commit to the megakaryocyte or erythroid lineage.
Attenuation of GATA2 levels in FOG-1
R3K5A/R3K5A megakaryocytes does not restore lineage-specific gene expression To explore the importance of GATA1/FOG-1-mediated downregulation of GATA-2 in megakaryocyte development, we used a commercially available retrovirus encoding an shRNA directed against murine GATA2 to decrease GATA2 mRNA levels in transduced cells. This shRNA virus or a control virus lacking this shRNA was used to infect enriched haematopoietic progenitor cells from wild-type and FOG-1 R3K5A/R3K5A bone marrow. These cells were then cultured in the presence of puromycin to select for transduced cells, and then in the presence of thrombopoietin to allow for the differentiation of megakaryocytes. The resulting megakaryocytes were harvested, total RNA was prepared and quantitative RT-PCR was performed to assess relative levels of gene expression ( Figure 6C ). Under these conditions, we found that GATA2 mRNA levels were elevated 1.9-fold in FOG-1 R3K5A/R3K5A megakaryocytes transduced with the control retrovirus when compared with wild-type megakaryocytes. In FOG-1 R3K5A/R3K5A megakaryocytes transduced with a retrovirus encoding an anti-GATA2 shRNA, GATA2 mRNA levels were reduced to levels seen in wild-type megakaryocytes (Column 2, Figure 6C ). Despite normalization of GATA2 levels in transduced FOG-1 R3K5A/R3K5A megakaryocytes, mast cell-specific gene expression remained elevated and megakaryocyte-specific gene expression remained reduced. These results suggest that loss of lineage-restricted gene expression cannot be solely explained by the mis-regulation of GATA2 in megakaryocytes. Instead, FOG-1 must have a more direct effect on the activation of megakaryocyte-specific gene expression and the repression of mast cell gene expression in developing megakaryocytes.
Failed recruitment of the NuRD chromatin remodelling subunit, MTA2, to the FceR1b locus
To show that the failure to repress mast cell gene expression in FOG-1 R3K5A/R3K5A megakaryocytes was due to the failure to recruit subunits of NuRD complex, we initially attempted to perform chromatin immunoprecipitation experiments using cells isolated from whole bone marrow of wild-type and FOG-1 R3K5A/R3K5A mice. However, these experiments were technically challenging and did not yield reproducible results, perhaps in part because of a heterogeneous cell population within the bone marrow and the difficulty of obtaining enough material to effectively perform these experiments. Therefore, we took advantage of an earlier described FOG-1-deficient haematopoietic cell line . This cell line has been earlier shown to be capable of differentiating into megakaryocytes when transduced with a retrovirus programming the expression of FOG-1. We transduced this cell line with a retrovirus programming expression of a bi-cistronic mRNA encoding eGFP and wild-type FOG-1 or FOG-1 containing the R3A and K5A mutations that abrogate NuRD interaction. After infection, transduced cells were 3.0 * * * Figure 6 Up-regulation of GATA2 and mast cell-specific genes in FOG-1 R3K5A/R3K5A megakaryocytes. In (A), results of quantitative RT-PCR on RNA prepared from primary megakaryocyte cultures derived from wild-type and FOG-1 R3K5A/R3K5A bone marrow using primers specific for the indicated genes. The results are reported as the mean ± s.e.m. of the ratio of expression levels between FOG-1 R3K5A/R3K5A and wild-type megakaryocytes. A * indicates a statistically significant difference from 1.00. In (B), results of quantitative RT-PCR on total RNA from CD71 hi Ter119 hi erythroblasts using primers specific for the indicated genes. In (C), Lin bone marrow derived cells from FOG-1 R3K5A/R3K5A mice were transduced with a retrovirus expressing an shRNA directed against GATA2 or with a control retrovirus. Three days after transduction, RNA was prepared and subject to quantitative RT-PCR with primers specific for the indicated genes. The results are reported as the mean±s.e.m. of the ratio of gene expression levels between FOG-1 R3K5A/R3K5A cells transduced with the anti-GATA2 shRNA encoding retrovirus (white bars) or cells transduced with the control virus (black bars) relative to wild-type cells transduced with the control virus. A * indicates a statistically significant difference in relative expression between anti-GATA2 shRNA retrovirus transduced cells and control virus transduced cells. . Stably transduced cells were selected and differentiated along the megakaryocyte lineage using thrombopoietin and then subject to chromatin immunoprecipitation using an antibody against the NuRD subunit MTA2 (black bars) or control IgG (white bars) followed by quantitative RT-PCR with primers specific for the FceR1b promoter or the GAPDH promoter. The results are reported the mean ± s.e.m. of immunoprecipitation relative to total input chromatin.
selected for GFP expression, expanded and differentiated into megakaryocytes by the addition of thrombopoietin into the culture medium. Western analysis of cell lysates showed that FOG-1 protein levels were comparable in each sample (see Supplementary Figure 2 ). Five days after transfection, cells were harvested and chromatin immunoprecipitation was performed on the FceR1b promoter using an antibody to the MTA2 subunit of the NuRD complex (Figure 7) . In cells infected with wild-type FOG-1, we found significant chromatin immunoprecipitation of the promoter region of the FceR1b gene with an anti-MTA2 antibody. As a control, no significant immunoprecipitation of the GAPDH promoter was observed ( Figure 7A ). These results show that NuRD subunit MTA2 is recruited to this promoter and are consistent with earlier in vitro promoter analysis implicating GATA1 and FOG-1 in the transcriptional regulation of this gene (Maeda et al, 2006) . In cells infected with a retrovirus encoding FOG-1 R3K5A , however, an antibody to MTA2 could no longer immunoprecipitate this promoter region ( Figure 7B ), consistent with our in vitro results showing that the R3A and K5A mutations of FOG-1 abrogate the FOG-1/MTA interaction (see Figure 1) . Together, these results suggest that the recruitment of the NuRD subunit MTA2 by FOG-1 is required to directly repress this mast cell-specific gene within developing megakaryocytes.
Discussion
Chromatin remodelling is being increasingly appreciated as an important process during development. In this study, we have investigated the in vivo importance of FOG-1/NuRD interaction during haematopoiesis. This work is the first report of a specific disruption of the interaction of NuRD complex with one of its binding partners and provides further evidence for the importance of the NuRD complex during haematopoiesis. We have shown that targeted mutation of the N-terminal repression domain of FOG-1, which disrupts FOG-1's ability to recruit the NuRD complex (Hong et al, 2005) , results in several haematopoietic defects including an increased white cell count, abnormal erythroid development and thrombocytopaenia. Our results show that FOG-1/NuRD interaction is not required for the specification of the erythroid or megakaryocyte lineage, as these cells are found in FOG-1 R3K5A/R3K5A mice. However, FOG-1/NuRD interaction does seem to be required to suppress extraneous mast and eosinophil-specific gene expression in the megakaryocyte and erythroid lineages, thus 're-enforcing' the lineage decision in these cells by refinement and repression of related lineagespecific genes. Taken together, these results point to a crucial function for FOG-1/NuRD interaction in several steps of haematopoiesis.
Granulocyte differentiation and the FOG-1/NuRD complex
The increased number of granulocytes seen in the bone marrow and peripheral circulation of the FOG-1 R3K5A/R3K5A mice suggests an earlier unappreciated function for FOG-1 in the regulation of granulocyte development. It has been earlier reported that FOG-1 is expressed in the HSC at low levels and is up-regulated in myelo-erythroid progenitors (Querfurth et al, 2000) . The increase in IL3-dependent progenitors in the FOG-1 mutant mice may be due to the inability of GATA2 to be down-regulated in the HSC. Consistent with this notion, forced over-expression of GATA2 in FDCP-mix cells, a multipotent HSC line, results in the differentiation of these cells down the granulocytic and monocytic pathways in a GM-CSF-independent manner (Heyworth et al, 1999) . In addition, recent work by Rodrigues et al (2008) showed that the granulocyte-macrophage progenitor population was reduced in GATA2 þ /À mice, further supporting the notion that GATA2 is a critical regulator of granulocyte development. Thus, it is possible that FOG-1, in conjunction with the NuRD complex, blocks the differentiation of the HSC down the granulocyte lineage through attenuation of GATA2 levels.
FOG-1/NuRD interactions are required for the 'GATA switch'
Earlier work has established that on terminal maturation of erythroblasts, GATA1 expression is up-regulated, whereas that of GATA2 is down-regulated and that this 'GATA switch' requires FOG-1 (Pal et al, 2004) . Our results further refine this model by showing that FOG-1/NuRD interaction is required for the down-regulation of GATA2. Given that the NuRD complex is known to remodel chromatin into a more condensed state, it is possible that GATA2 gene expression is repressed by an alteration in the local chromatin structure through FOG-1-mediated recruitment of the NuRD complex. Indeed, a recent report has shown that GATA2 and GATA1 form distinct looped chromatin structures on the c-Kit loci during the GATA switch (Jing et al, 2008) .
Erythropoiesis and megakaryopoiesis require the FOG-1/NuRD complex FOG-1's function in erythrocyte and megakaryocyte development was first shown by the generation of a mouse with a complete disruption in the FOG-1 gene (Tsang et al, 1998) . Subsequent in vitro work with a FOG-1-deficient HSC line suggested that the N-terminus of FOG-1, containing the NuRD interaction motif, was dispensable for erythroid maturation . In our FOG-1 R3K5A/R3K5A mice, however, we observed a fraction of these mice dying in utero between E10.5 and E12.5, likely from anaemia. Further, adult FOG-1 R3K5A/R3K5A mice have a perturbation in erythrocyte development as shown by FACS analysis as well as splenomegaly because of extramedullary erythropoiesis, highlighting the importance of the N-terminus of FOG-1 and its interaction with the NuRD complex for proper erythrocyte development (Figure 3) .
In addition to erythropoiesis, FOG-1 is also critical for megakaryocyte development (Tsang et al, 1998) . Rescue experiments in an FOG-1-deficient haematopoietic cell line suggested that the N-terminus of FOG-1 was critical for the function of FOG-1 during megakaryocyte development (Tsang et al, 1998; Cantor et al, 2002) . Consistent with these earlier observations, we also have observed defects in megakaryopoiesis in our FOG-1 R3K5A/R3K5A mice. However, in contrast to the absence of megakaryocyte progenitors seen in the FOG-1-null mice, we have detected normal numbers of progenitors, but a block in the maturation of these progenitors. Taken together, our observations suggest an NuRD-independent function of FOG-1 during megakaryocyte specification and a later, NuRD-dependent function in the maturation of megakaryocytes.
FOG-1/NuRD complex in the refinement of lineagespecific gene expression during erythropoiesis and megakaryopoiesis As shown in Figure 6 , we observed inappropriate expression of mast cell and eosinophil-specific genes within FOG-1 R3K5A/R3K5A megakaryocytes and erythroid progenitors, suggesting that the FOG-1/NuRD interaction is required to repress extraneous gene expression within these lineages. This is consistent with the observation that down-regulation of FOG-1 is required for mast cell development. Sugiyama et al (2008) showed that expression of FOG-1 in mature mast cells led to the repression of mast cell-specific genes such as Fce receptor b-chain. However, recently published work using retrovirally transduced in vitro cell lines suggested that the N-terminus of FOG-1 was not required for mast cell gene repression, implying that FOG-1/NuRD interaction is not required for repression of mast cell-specific gene expression (Cantor et al, 2008) . Our results suggest that FOG-1/NuRD interaction is required for this repression through a direct recruitment of the NuRD complex by FOG-1 to the mast cell-specific FceR1b promoter (Figure 7) . The difference between our results and those of Cantor et al may be due to the 150-fold over-expression of the N-terminally deleted FOG-1 protein in the in vitro system used by Cantor et al. Our results are consistent with a model in which in the megakaryocyte-erythroid progenitor, FOG-1, recruits the NuRD complex to silence those mast and eosinophilic genes that were in a transcriptionally 'poised' or 'primed' state in its progenitor, the common myeloid progenitor, to reenforce lineage commitment.
Materials and methods
Generation of FOG-1
R3K5A/R3K5A mice A targeting vector harbouring an R3K5A double mutation in the first exon of the FOG-1 gene was generated by recombineering (Liu et al, 2003) using a BAC clone (RP22-43G10, CHORI) containing exon 1 of the FOG-1 locus identified by screening the RPCI-22 Mouse BAC Library (Invitrogen). The targeting vector was then linearized and electroporated into 129 S6/SvEv ES cells, and ES cell clones were screened for homologous recombination using Southern analysis. Correctly targeted ES cell clones were injected into C57BL/6 blastocysts and the resulting chimeric mice were further bred to C57BL/6 mice to achieve germline transmission. The germline transmitters were bred with Prm-Cre mice (Jackson Laboratory) to excise neomycin cassette from the FOG-1 locus and generate the FOG-1 R3K5A allele.
Histological analysis and blood counts
Sternums and spleens from 6-8-week-old mice were isolated and fixed in 10% neutral formalin. Serial sections were stained with haematoxylin and eosin, and peripheral blood smears were stained with May-Grü nwald-Giemsa (Sigma-Aldrich). A complete blood count was performed using an HEMAVET HV950FS multispecies haematology system (Drew Scientific). The results from six homozygous mutant mice and six wild-type littermates were compared statistically using the unpaired Student's t-test.
Flow cytometric analysis and cell sorting
Bone marrow and spleen cells were harvested from 8-12-week-old wild-type and FOG-1 R3K5A/R3K5A mice (n ¼ 4 per genotype). For the erythroid population, cells were stained with conjugated anti-CD71 and Ter119 antibodies. For megakaryocyte and granulocyte/monocyte populations, cells were first treated with Red Blood Cell Lysis buffer (0.15M NH 4 Cl, 1 mM KHCO 3 , 0.1 mM Na 2 EDTA, pH 7.4), washed and then stained with anti-CD41, or anti-Gr-1 and Mac-1 antibodies conjugated to APC, PE or FITC (BD Biosciences). Finally, surface marker expression was analysed using an FACScan flow cytometer (BD Biosciences) and FlowJo software.
Colony-forming assays
Primary mouse bone marrow and spleen cells were harvested from FOG-1 R3K5A/R3K5A mice (n ¼ 4) and their wild-type littermates (n ¼ 4) and enriched for progenitors with the EasySep negativeselection mouse haematopoietic progenitor-enrichment kit (StemCell Technologies). To evaluate erythroid colony formation, we plated 25 000 cells in MethoCult 3234 medium (StemCell Technologies), supplemented with IL-3, SCF and 10 U/ml EPO. Erythroid and mixed colonies were enumerated after 6 days. To evaluate myeloid colony formation, 25 000 cells were plated in MethoCult 3234, supplemented with IL-3, IL-6, M-CSF and GM-CSF, and mixed colonies were counted after 6 days. To evaluate megakaryocyte colony formation, 25 000 cells were plated in MegCult medium (StemCell Technologies), supplemented with IL-3, IL-6, IL-11 and thrombopoietin. After 6 days, colonies were stained for Ach activity and quantitated (StemCell Technologies).
In vitro megakaryocytes culture and quantitative RT-PCR analysis
Primary mouse bone marrow cells were enriched for haematopoietic progenitors (StemCell Technologies) and cultured in expansion media (DMEM/RPMI 1:1, 2 mM L-glutamine, 7.5% NaHCO 3 ) for 2 days, followed by differentiation in the presence of 10 ng/ml thrombopoietin for 3 days. The resulting megakaryocytes were analysed by FACS or purified using a BSA gradient. Total RNA was prepared using Trizol (Invitrogen) and subject to real-time PCR analysis as described (Flagg et al, 2007) (Muntean and Crispino, 2005) , GATA2 (Hong et al, 2005) and PU.1 (Shepherd and Hassell, 2001 ) have been earlier described.
Transient transfection and promoter analysis pXM-GATA1 and pcDNA3-FOG-1 have been described earlier (Wang et al, 2002) . A 73 bp fragment of the FceR1b promoter (À69/ þ 4) was amplified from mouse genomic DNA using the PCR and the primers 5 0 -AAAGTCGACAAGAGAAAGGAGTCACTGATATC and 5 0 -AAAGGATCCATTAATTGGGCTATCCAGGAATG and subsequently cloned into the Sal I and BamHI site of the human growth hormone reporter p0GH. Transient transfection into NIH 3T3 fibroblasts and promoter analysis was performed as described earlier (Svensson et al, 1999) .
In vitro binding assay
In vitro binding assays were performed as described earlier (Roche et al, 2008) 
Western analysis
Whole bone marrow cells from five mutant mice and five wild-type mice were pooled and red blood cells removed through incubation with Red Blood Cell Lysis buffer. Subsequently, 4 Â 10 6 cells from wild-type and mutant bone marrow were lysed, and proteins separated using 7% SDS-PAGE followed by transfer onto a nitrocellulose membrane. Western blotting was performed using an anti-FOG-1 antibody and anti-HSP-90 antibody (M20 and H114, respectively, Santa Cruz).
Retroviral-mediated GATA2 knockdown in cultured megakaryocytes
Retroviral supernatants were produced using the plasmid pSM2c encoding an shRNA against murine GATA2 (Open Biosystems Inc., Clone ID V2MM_75808). Haematopoietic progenitor cells enriched from wild-type and FOG-1 R3K5A/R3K5A bone marrow were cultured in expansion media (DMEM/RPMI 1:1, 2 mM L-glutamine, 7.5% NaHCO 3 ) for 24 h before transduction with this retrovirus or a control retrovirus using the spinoculation method described earlier (Huang et al, 2007) . After a second spinoculation, the cells were transferred to differentiation media (RPMI, 10% Fetal Calf Serum, 2 mM L-glutamine, SCF supernatant, 10 ng/ml thrombopoietin) and selected using puromycin for 3 days before harvesting. RNA preparation and quantitative RT-PCR were carried out as described above.
Chromatin immunoprecipitation of reconstituted FOG-1
À/À
cell lines
The full-length wild-type and R3K5A mutant form of FOG-1 were amplified by PCR and inserted into the Bgl II and EcoRI sites upstream the internal ribosome entry site (IRES) of the murine stem cell virus-internal ribosome entry site-green fluorescence protein (MSCV-IRES-GFP) retrovirus. MSCV-FOG1-GFP and MSCV-FOG-1
R3K5A
-GFP retroviruses were produced by co-transfection of 293FT cells with pIK and cell media harvested 72 h after transfection as described earlier (Tu et al, 2008 ). An FOG-1-deficient haematopoietic cell line was transduced with these retroviruses and GFP-positive cells were sorted and cultured in the presence of 10 ng/ml thrombopoietin for 5 days . Chromatin immunoprecipitation was performed using a commercially available kit (Millipore). Briefly, 9 Â10 7 cells were subjected to 1% formaldehyde cross-linking for 10 min at room temperature. The cells were collected and their cytoplasmic membranes lysed. The resulting nuclei were collected, lysed and subjected to sonication. After pre-clearance for 2 h, supernatants were incubated with an anti-MTA2 (C20, Santa Cruz) antibody or an IgG control antibody and protein G sepharose beads (GE Healthcare) at 41C overnight. The beads were washed and eluted with elution buffer (100 mM NaHCO 3 , 1% SDS). The protein/DNA crosslinks were reversed by incubation at 671C overnight, and subsequently DNA was purified. Quantitative PCR was performed using SYBR Green with primers flanking the GATA-binding sites in the FceR1b promoter (5 0 -ACTGATATCAATCAGCCTGGAGAC and 5 0 -GGCAGTTAAGATGGGTTGGCTC) (Maeda et al, 2003) or with primers flanking the GAPDH locus as described earlier (Hong et al, 2005) . Quantitative PCR was performed in triplicate for each of two independent experiments.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
